Accumulating evidence suggests that cognitive training (CT) programs may provide healthy older adults (OAs) with cognitive benefits that are accompanied by alterations in neural activity. The current review offers the first quantitative synthesis of the available literature on the neural effects of CT in healthy aging. It was hypothesized that OAs would evidence increased and decreased neural activations across various challenging CTs, and that these effects would be observed as significantly altered clusters within regions of the frontoparietal network (FPN). Online databases and reference lists were searched to identify peerreviewed publications that reported assessment of neural changes associated with CT programs in healthy OAs. Among the 2097 candidate studies identified, 14 studies with a total of 238 participants met inclusionary criteria. GingerALE software was used to quantify neural effects in a whole-brain analysis. The activation likelihood estimation technique revealed significant increases in activation following CT in the left hemisphere middle frontal gyrus, precentral gyrus, and posterior parietal cortex, extending to the superior occipital gyrus. Two clusters of diminished neural activity following CT were identified within the right hemisphere middle frontal gyrus and supramarginal gyrus, extending to the superior temporal gyrus. These results provide preliminary evidence of common neural effects of different CT interventions within regions of the FPN. Findings may inform future investigations of neuroplasticity across the lifespan, including clinical applications of CT, such as assessing treatment outcomes.
Introduction
The number of individuals aged 65 or older is projected to exceed 1.5 billion in 2050 (National Institute on Aging and World Health Organization 2011) and will comprise approximately 30% of the population by 2060 (Parker et al. 2012) . Advances in healthcare have contributed to a worldwide increase in lifespan; however, this has been accompanied by new challenges to protect the health and safety of older adults (OAs). It has been estimated that there will be 115 million OAs worldwide living with Alzheimer's disease (AD) by 2050 (Wortmann 2012) , which is characterized by a progressive deterioration in cognitive functioning and instrumental activities of daily living (IADL; Alzheimer's Association, 2014; Prince et al. 2013; Roy et al. 2016) . These challenges are also experienced by individuals with mild cognitive impairment (Lindbergh et al. 2016 ) and even extend to healthy OAs, who evidence subtle decrements in cognitive and IADL performance (Schmitter-Edgecombe et al. 2011; Suchy et al. 2011; Duda et al. 2014) . Therefore, identification of methods that may attenuate the impact of cognitive and functional decline warrant increased attention.
Normal age-associated changes in cognitive function have been well-documented, including declines in explicit memory (Buckner 2004; Hedden and Gabrieli 2004; Davis et al. 2003) , processing speed (Charness 2008; Salthouse 1996) , and selective attention (Barr and Giambra 2000; Madden 1990) , and these changes contribute to declines in more complex cognitive Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11682-019-00080-0) contains supplementary material, which is available to authorized users.
functions, such as working memory (Balota et al. 2000; Zacks et al. 2000) and task-switching (Kray et al. 2002; Kray and Lindenberger 2000) . Several studies have also reported on age-related changes in the brain. In structural neuroimaging studies, OAs have exhibited reduced white matter integrity in subcortical prefrontal and parietal regions (Persson et al. 2006; Grady 2012 ) and gray matter volume within the hippocampus and prefrontal cortices (PFC; Raz et al. 2005; Haug and Eggers 1991) . In functional neuroimaging studies, OAs have demonstrated both increases and decreases in brain activity. Decreased brain activity has typically been interpreted as indicative of lower cognitive function and increased activity has been interpreted as Bcompensatory^when performance levels are maintained (Grady 2012) . Compensatory neural changes are the focus of an accumulating body of literature among aging researchers (Elman et al. 2014; Reuter-Lorenz and Park 2014; Morcom and Johnson 2015) , as well as other mechanisms that may explain age-related neural changes, including reduced neural efficiency and dec r e a s e d s e l e c t i v i t y o f r e s p o n s e s , k n o w n a s dedifferentiation (Grady 2012) .
Neuroplasticity across the lifespan
Theories of age-related efficiency, dedifferentiation, and compensation rest on the assumption that the brain is plastic across the lifespan. Neuroplasticity has been discussed for over a century (Berlucchi and Buchtel 2009) , and supported by epidemiological research, which suggests that a lifestyle rich in mental, physical, and social stimulation has beneficial influences on cognition among OAs (Bäckman et al. 2001; Hertzog et al. 2009 ). The operational definition of neuroplasticity has undergone considerable change over time to include improvements in cognitive performance (Anguera et al. 2013; Mahncke et al. 2006; Ball et al. 2002; Hindin and Zelinski 2012; Colcombe and Kramer 2003) , as well as changes in structural (Engvig et al. 2010; Ruscheweyh et al. 2013; Voss et al. 2010; Nagamatsu et al. 2012; May 2011; Nudo 2003) and functional Mozolic et al. 2010; Liu-Ambrose et al. 2012; Rosano et al. 2010; Hyodo et al. 2012; see Johansson 2011 for review) neuroimaging indices following cognitive training (CT), exercise, and other rehabilitation interventions in patients affected by brain injury. Converging lines of research thus suggest that the aging brain is also malleable, and such neural markers can be used as valid outcome measures of different types of rehabilitation interventions. Indeed, several efforts have been made to distinguish neural changes associated with different types of CT and exercise programs among OAs (McDaniel et al. 2014; Hindin and Zelinski 2012; Oswald et al. 2006) .
Cognitive training
Cognitive training (CT) has been used to refer to a range of structured programs intended to ameliorate cognitive deficits. As guided practice, standardized CT tasks are intended to challenge particular cognitive functions, including attention, problem solving, and memory (Bahar-Fuchs et al. 2013; Clare and Woods 2004) . CT tasks may be presented in paper-and-pencil (Davis et al. 2001; Quayhagen et al. 2000) or computerized form (Kueider et al. 2012; Ball et al. 2002) , and may involve hobbies or exemplar activities of daily living (Loewenstein et al. 2004; Neely et al. 2009 ). Adaptive CT programs, in which task difficulty is adjusted based on individual performance level, are also becoming more available through computerized packages (Peretz et al. 2011) . Broadly, CT approaches have been developed based on two primary assumptions: 1) cognitive practice can improve or maintain performance, and 2) significant effects will generalize (i.e., transfer) to tasks within the same domain (Bahar-Fuchs et al. 2013) . While support for this second assumption has been mixed in the research literature (Owen et al. 2010; Papp et al. 2009 ), transfer effects have gained empirical support, and plasticity of anterior executive systems have been suggested as a likely mechanism (Heinzel et al. 2016; Nyberg et al. 2009; Noack et al. 2014; Zinke et al. 2014; Heinzel et al. 2014) . Researchers have also broadened the definition of CT to include strategy training, which involves the use of strategies designed to minimize the consequences of cognitive impairment while enhancing performance through practice (West et al. 2000; Rebok et al. 2007; Gates and Valenzuela 2010; Gates et al. 2011) .
Several meta-analytic studies have provided evidence of age-related behavioral effects of CT. For example, OAs have exhibited significantly improved performance on measures of working memory (WM), processing speed (PS), and other multi-domain cognitive functions, with effects on outcome measures as well as near-and far-transfer effects (Mewborn et al. 2017) . In another quantitative review of 52 RCTs and 4885 participants, healthy OAs showed improved verbal and visual memory, WM, PS, and visuospatial skills after CT protocols, which varied across cognitive domains and transfer outcome measures (Lampit et al. 2014) . Similarly, data synthesized from 31 RCTs that included 1806 healthy OAs revealed improved performance on measures of WM, PS, and global IQ on trained and transfer tasks (Kelly et al. 2014) . In a fourth meta-analysis of 49 RCTs, OAs showed WM and cognitive control gains on trained and near-transfer tasks (Karbach and Verhaeghen 2014) .
Individual studies have also produced convincing evidence of CT efficacy in OAs. In the Advanced Cognitive Training for Independent and Vital Elderly trial, 2832 OAs who participated in a 10-session group CT with booster training at 11 months showed improved PS, reasoning, and memory performance on near-transfer tasks for a duration of three years (Ball et al. 2002) ; in addition, a second booster training at 5-year follow-up revealed maintenance of cognitive effects for groups that engaged in memory, reasoning, and PS training (Willis et al. 2006) . Finally, in a seminal study that used adaptive NeuroRacer CT, healthy OAs showed a trained improvement in multi-tasking skills and transfer effects on measures of sustained attention and WM that persisted for six months. In addition, event-related potential changes were seen within PFC regions (Anguera et al. 2013) . Overall, despite variability in study paradigms and effect sizes, this growing literature provides evidence for transfer effects and suggests the efficacy of CT in OAs.
Neurobiological mechanisms of cognitive training
Neuroimaging is promising as a means of identifying cognitive and neural markers of successful CT. Consistent with evidence that experts tend to have larger brain volumes in regions associated with their type of expertise (Maguire et al. 2003; Gaab et al. 2006) , CT has also been associated with regional structural brain changes in OAs. In a study by Engvig et al. (2010) OAs that participated in 8-weeks of memory training demonstrated an improvement in source memory performance that was associated with increases in thickness of the lateral orbitofrontal cortex and fusiform gyrus. In addition, the cognitive effects of video game training have been shown to significantly predict pre-training volume of the dorsal striatum and hippocampus in healthy OAs . Finally, global neural effects of CT have also been observed; for instance, OAs have exhibited global increases in gray matter volume following a 3-month protocol that was designed to train participants in three-ball cascade juggling (Boyke et al. 2008 ).
An increasing number of experiments have used functional neuroimaging to identify biological markers of CT efficacy in OAs, and most have used CT paradigms that were designed to challenge the cognitive functions that are particularly sensitive to aging (e.g., explicit memory, EFs). For example, during an electroencephalography (EEG) investigation of perceptual discrimination CT, OAs revealed transfer benefits extending to a WM task, and these effects were significantly predicted by decreased amplitude of the N1 posterior visual processing region (Berry et al. 2010) . OAs have also demonstrated bilateral increases in PFC activity that were associated with performance improvements following longitudinal dual-task training (Erickson et al. 2007 ). In addition, using localized proton magnetic resonance spectroscopy in three different brain regions, Valenzuela et al. (2003) observed that improved memory performance was associated with increases in neural activity (i.e., concentrations of creatine and choline) of the hippocampus following 5 weeks of memory training. Therefore, CT studies have generally revealed significant but variable neural effects across a variety of CT paradigms and outcome measures.
Several qualitative reviews on this topic have also concluded that CT of healthy OAs is associated with both increases and decreases in task-related neural activity (Bherer 2015; Brehmer et al. 2014; Bamidis et al. 2014; Belleville and Bherer 2012; Lustig et al. 2009 ). However, due to the nascent nature of the research literature and variable findings, the degree of plasticity in aging and the effects of CT remain largely unknown (Nyberg et al. 2012; Shah et al. 2017 ). An important challenge for researchers is to understand how extrinsic factors such as CT may modify the neurocognitive consequences of aging. To this end, recent literature reviews have recommended increased use of brain imaging indices to validate the potential utility of CT (Shah et al. 2017; Reuter-Lorenz and Park 2014) .
Recent CT investigations using functional neuroimaging have focused greater attention on changes at the network level, and results have largely pointed to the frontoparietal network (FPN), which has been consistently associated with goaldirected cognitive control (Spreng and Schacter 2012) . For example, following eight weeks of selective attention training, one study of healthy OAs showed increased resting cerebral blood flow in the right inferior PFC that significantly correlated with reduced interference on a distraction task (Mozolic et al. 2010 ). In addition, Jolles et al. (2013) reported functional connectivity effects between the right middle frontal gyrus (MFG) and other FPN regions in young adults following six weeks of WM training. Lateralization effects have also been identified, as healthy OAs have shown increased left-lateralization of FPN function following one year of multi-domain CT (Luo et al. 2016 ). Finally, a recent fMRI meta-analysis of cognitive and motor skills training in young adults also showed altered patterns of neural activity in several nodes of the FPN, including the inferior and posterior parietal cortex, medial and middle PFC, and the middle temporal gyrus (Patel et al. 2013 ). The consistency of FPN effects across a variety of CT training protocols suggests the presence of common neural mechanism.
A consensus view among researchers maintains that core FPN regions are involved in implementing a wide variety of cognitive tasks . As a result, a growing theory maintains that the FPN is composed of Bflexible hubs,^which rapidly shift their engagement to exert cognitive control across a variety of tasks (Cole and Schneider 2007; Zanto and Gazzaley 2013) . The Bflexible hub^theory builds upon the earlier Bguided activation^hypothesis that was used to describe how top-down signals in the lateral PFC and posterior parietal cortex mediate cognitive control functions across varying types of stimuli (Duncan 2010) . Consistent with this view, meta-analytic evidence from 193 fMRI studies identified a cognitive control network involving the dorsolateral prefrontal and parietal cortices across a broad range of executive function domains (Niendam et al. 2012) . Similarly, using a meta-analytic approach with resting state functional connectivity (FC) studies, Yeo et al. (2014) identified strong correlations among highly flexible frontal and parietal cortices that supported multiple and varied tasks. Cole et al. (2013) further tested the Bflexible hub^theory using recent advances in neuroimaging methods, including task-state FC, graph theory, and machine learning. This seminal study revealed that, relative to nine other commonly defined networks, the FPN demonstrated the highest brain-wide FC pattern, which shifted across 64 practiced and novel tasks. Pertinent to the current study, the Bflexible hub^theory suggests that the FPN may be particularly malleable following a wide variety of CT paradigms.
Evidence of age-related reductions in FPN function (see Goh 2011 for review) suggest that hubs of the FPN are sensitive to aging (i.e., dorsolateral PFC, inferior PFC, and inferior parietal cortex) and have been inversely associated with taskswitching performance (Gold et al. 2010) . Similarly, relative to their younger counterparts, healthy OAs have shown reduced FC of the FPN that significantly correlated with verbal task-switching performance (Madden et al. 2010 ). In addition, other cognitive processes may also be affected by age-related alterations of the FPN; for example, healthy OAs have exhibited differences in neural activation within dorsal prefrontal and parietal cortices, relative to younger adults, which correlated with WM performance (Nyberg et al. 2009 ). Moreover, age and hypertension have been associated with reduced taskrelated activity of FPN during numerous cognitive tasks (Campbell et al. 2012; Heinzel et al. 2015) , while increased activity in the FPN appear to act as a compensatory neural mechanism (Heinzel et al. 2015) . Overall, these findings indicate that the FPN may be sensitive to the consequences of aging, as well as positive effects of CT, which suggest that the network is characterized by high plasticity.
Recent neuroimaging studies of CT effects have largely pointed to the FPN as a primary mechanism of adaptive change (Spreng and Schacter 2012) . The Bflexible hubt heory, which posits that the FPN is both highly flexible and engaged by a wide variety of challenges (e.g., stimuli non-specific, novel and practiced tasks), further corroborates this view and offers a theoretical basis for the consistency of recent CT findings (Cole et al. 2013 ). Moreover, a recent fMRI meta-analysis of cognitive and motor skills training in young adults found that CT effects were associated with altered patterns of neural activity within primary regions of the FPN (Patel et al. 2013) . Behavioral evidence of CT efficacy has further substantiated these findings, as several meta-analytic studies have reported age-related CT effects, including near-and fartransfer effects, across variable study designs and outcome measures (Mewborn et al. 2017; Lampit et al. 2014; Kelly et al. 2014; Karbach and Verhaeghen 2014) . Given the evidence of a Bflexible^FPN that is sensitive to the aging process (Goh 2011 ) and has demonstrated adaptive change following a variety of CT paradigms, an fMRI metaanalysis of CT effects in OAs may be expected to produce CT effects that are associated with the FPN.
The present meta-analytic review offers a preliminary quantitative synthesis of the literature in order to investigate the presence of core neural effects within regions of the FPN that have been associated with CT programs among healthy OAs. We expected to find regional effects related to CT efficacy that were not bound by a particular training approach. Consistent with the weight of the available literature and the recent trend in identification of common neural effects within the FPN utilizing fMRI paradigms, it was hypothesized that OAs would (1) demonstrate both changes in neural activity relative to pre-and post-CT scans (i.e., increases and decreases in neural activity), with (2) expected changes in PFC and parietal regions that contribute to the frontoparietal Bcognitive control^network.
Method
The present meta-analytic review was conducted in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement guidelines (Moher et al. 2009 ) with modifications due to methodological differences between behavioral meta-analysis and activation likelihood estimation (ALE), such as the use of statistical probability maps weighted by number of foci and sample size rather than effect sizes.
Article selection
Candidate articles published by March 1st, 2018, were identified using the PubMed/MEDLINE, and PsychINFO online databases using a specific keyword search string:
(B2018/03/01^[Publication Date]) AND (older adults OR elderly) AND (cognitive training OR cognitive intervention OR strategy training OR process training OR multimodal training) AND (fMRI OR functional MRI OR functional magnetic resonance imaging OR PET OR positron emission tomography). Reference lists of relevant articles were manually searched for additional publications not captured in the online database searches.
The criteria for inclusion were: (1) peer-reviewed publication; (2) available in the English language; (3) use of healthy older adult human subjects with a sample size of at least five; (4) reported use of a neurocognitive assessment to screen for impairment; (5) full text available; (5) use of a cognitive training program; (6) within-group study design or use of a matched-control group; (7) pre-and post-CT neuroimaging assessment of task-related brain activity acquired via fMRI or PET, (8) whole-brain analyses with reported Montreal Neurologic Institute (MNI) or Talairach coordinates. Articles were excluded if analyses were limited to a special elderly population (e.g., mild cognitive impairment or dementia), or conducted relative to a non-matched control group (e.g., younger adults, individuals with mild cognitive impairment or dementia). Other exclusion criteria included studies with insufficient data available to include in ALE analysis following attempts to contact corresponding authors. A flow chart illustration of the literature review and study selection process can be viewed in Fig. 1 .
Contrast selection
All contrasts reflected statistically significant whole brain clusters active during a post-training cognitive task (i.e., time point 2) relative to a pre-training cognitive task (i.e., time point 1; see Table 1 ). In studies that reported significant clusters of activity from more than one outcome measure, only foci from the primary measure were included in the meta-analysis (i.e., the same paradigm used pre-training or a near-transfer task). Two ALE contrasts were performed as part of the present ALE analysis. Contrast 1 represented increases in brain activity following CT, assessed post-training relative to pretraining. Contrast 2 represented decreases in brain activity following CT, assessed pre-training relative to posttraining. Each outcome measure is labeled by cognitive domain in Table 1 .
Activation likelihood estimation (ALE) procedure
Activation likelihood estimation Turkeltaub et al. 2002 ) is a coordinate-based quantitative meta-analysis method that has been used to identify consistent locations of brain activation elicited across studies employing similar experimental conditions or tasks. In ALE, activation foci are reported in published studies and treated as probability distributions centered at the reported coordinates. Activation probabilities are then calculated for each standard-space voxel to construct ALE maps for contrasts of interest. To determine the reliability of the ALE map, null-distributions are generated by analyzing the distribution of ALE values across independent studies, which is conceptually similar to using permutation tests of individual voxels across experiments; the contribution of each study is weighted by its sample size, and each study is treated as a random effect (Eickhoff et al. 2009 ). The observed values in the ALE distribution are then compared to the null distribution in order to assign probability estimates to the observed experimental data (Eickhoff et al. 2012 ). The present study used GingerALE v2.3 (http://www.brainmap.org) with a conservative mask size and a variable FWHM spatial filter kernel (Eickhoff et al. 2009 ) with the application of a streamlined permutation test and improved statistical corrections (Eickhoff et al. 2012) . A cluster-based multiple comparisons correction was used in which an uncorrected threshold of p < . 01 was permuted 100 times to arrive at a minimum cluster volume that guarantees a p < .005 probability of a false positive. All ALE coordinate clusters are reported in MNI space. A detailed description of the ALE process and analysis procedures can be found on the Brainmap website (http://www. brainmap.org/ale/manual.pdf). 
Results

Article inclusion
The final analyses included 14 task-based fMRI experiments that included 238 OAs. Across the study pool, twelve contrasts yielded coordinates in which study OAs exhibited increased brain activation following a CT program, and eight studies (N = 113) yielded coordinates in which OAs exhibited decreases in brain activation following a CT program. With respect to length of training protocols, five studies employed shortduration (i.e., 1 day) CTs while nine studies utilized longduration CTs (i.e., 2-14 weeks). Two of the included studies used some component of adaptive training (e.g., difficulty increased when a participant's accuracy >80%). Results of the two ALE contrasts did not indicate overlap between the post-training > pre-training and pre-training > post-training contrast maps (i.e., they were spatially discrete). The total number of foci entered into the ALE analysis was 117, including 68 foci representing clusters of post-training increases in brain activation, and 49 foci representing clusters of post-training decreases in brain activation. The neuroanatomical region names for each resulting cluster were derived from the output of the ALE software.
Increased activation
OAs exhibited increased activation relative to pre-training in three regions, (1) the left middle frontal gyrus (weighted center, MNI: x = −37, y = 0, z = 55) and a large cluster comprised of several distinct regions in (2) the left posterior parietal cortex (weighted center, MNI: x = −32, y = −76, z = 39) with extrema values extending to the left superior occipital gyrus (peak, MNI: x = −40, y = 78, z = 30), and (3) the left precentral gyrus (peak, MNI: x = −41, y = 4, z = 31). An ALE cluster map of activation increases observed at post-training is shown in Fig. 2 , with red clusters representing significant increases in activation following CT. Coordinates and volumes of increased activation clusters can be found in Table 2 .
Diminished activation
OAs exhibited diminished activation relative to pre-training in two regions, (1) the right middle frontal gyrus (weighted center, MNI: x = 34, y = 15, z = 37) and (2) the right supramarginal gyrus of the parietal lobe (weighted center, MNI: x = 52, y = −50, z = 31) with extrema values extending to the right superior temporal gyrus (peak, MNI: x = 50, y = −48, z = 24). An ALE cluster map of activation decreases (blue clusters) observed at post-training is shown in Fig. 2 . Coordinates and volumes of diminished activation clusters can be found in Tables 3 and 4 .
Behavioral performance
Across the 14 studies included in the analyses, 20 measures of pre-and post-cognitive performance accuracy were collected and subsequently converted to a uniform metric (i.e., Cohen's d). Consistent with qualitative and quantitative reviews of behavioral effects related to CT in aging (Silsupadol et al. 2009; Karbach and Verhaeghen 2014) , the effect sizes of these cognitive improvements were variable (range = 0.21-4.39), though also large in scale (mean = 1.41; SD = 1.05).
Discussion
The primary aim of the present ALE meta-analysis was to offer the first quantitative summary of the available literature on core neural regions that are associated with CT approaches in healthy aging. It was first determined whether reliable increases and decreases in neural activity were evident following CT, and if clusters of significant effect were located within regions of the FPN. As hypothesized, OAs demonstrated significant increases and decreases in neural activity following CT; however, findings revealed mixed support regarding the location of these neural effects. As hypothesized, three clusters of significant change were located within the FPN (i.e., left MFG, right MFG, and left posterior parietal cortex). A large cluster centered in the left posterior parietal cortex extended into the superior occipital gyrus, and a fifth cluster was identified within the right supramarginal gyrus that extended into the STG. Overall, these findings suggest that OAs demonstrate common neural effects associated with different CTs within the FPN and extending into adjacent regions. All experiments in the ALE reported improvements on the target or a near-transfer task, indicating that the observed neural changes were associated with effective CT. The largest cluster of increased activation was located within the left posterior parietal cortex, a region with high connectivity to the PFC and the rest of the cerebral cortex (Fair et al. 2007; Vincent et al. 2008) . The posterior parietal cortex has been associated with a range of highly integrated tasks, including task-switching (Sohn et al. 2000) , explicit memory retrieval (Hutchinson et al. 2009 ), spatial awareness (Karnath et al. 2001) , planning and control of visually guided movements (Buneo and Andersen 2006) , and both top-down (Ciaramelli et al. 2008 ) and bottom-up attentional control (Buschman and Miller 2007) .
Significant clusters of both increased and diminished activation were identified within the left and right MFG, respectively. The MFG has been found to support several EFs, including WM (Rypma et al. 1999 ) and cognitive control (Kerns et al. 2004) , and has been associated with a variety of agerelated brain changes and associated reductions on cognitive tasks. For example, age-related reductions in MFG volume has been associated with both compensatory PFC activity and episodic retrieval difficulties. In addition, several studies have reported a relation between reduced MFG activity and decreased information processing speed (Ranganath and Rainer 2003; Solbakk et al. 2008) . CT-related changes in neural activity of the MFG have also been reported following several CTs. For example, Li et al. (2014) reported an agerelated reduction in FC of the MFG following a 6-week multimodal intervention. In addition, following 5-6 weeks of WM raining, younger adults have shown increased MFG activity that was significantly correlated with WM performance (Jolles et al. 2013; Olesen et al. 2004 ). Heinzel et al. (2016) reported a decreased MFG response that was associated with improvement on WM and transfer EF tasks following a 12-week Sternberg training. Finally, Yin et al. (2014) reported increased MFG activity that positively correlated with psychomotor speed and set-shifting following a 6-week multimodal training. Evidence thus suggests that neural effects may be prominent in the MFG following CT and warrant future investigation. A cluster of increased activation was centered in the left precentral gyrus. The precentral gyrus has been wellestablished as the site of the primary motor cortex. Several studies have identified age-related alterations in the precentral gyrus, such as cortical thinning (Salat et al. 2004) , that was predictive of later cognitive impairment (Pacheco et al. 2015) and increased functional activation relative to younger counterparts during the Stroop task (Langenecker et al. 2004) . Pertinent to the current study, evidence suggests that the precentral gyrus supports a wide range of FPN functions (Braunlich et al. 2015) . For example, among OAs, a semantic encoding-strategy training has been shown to result in increased brain activity in the precentral gyrus that corresponded with cognitive improvements. The precentral gyrus has also been identified as a contributor to the FPN (Braunlich et al. 2015) and among OAs, a region that is susceptible to change following semantic encoding strategy training (Bier et al. 2017; Li et al. 2016 ) and physical exercise interventions (Wood et al. 2016; Chirles et al. 2017; Ruffieux et al. 2018) .
The second cluster of diminished activation post-CT was centered in the right supramarginal gyrus, an association region of the parietal cortex that is primarily engaged in language processing in the left hemisphere (Price 2010) . However, the right supramarginal gyrus has also been found to engage during phonological decision-making (Hartwigsen et al. 2010) , verbal working memory (Deschamps et al. 2014) , and verbal creativity processes (Fink et al. 2015) . The supramarginal gyrus also appears to be affected by the normal aging process, including volumetric atrophy (Fjell et al. 2009) , and decreased functional connectivity with regions of the posterior cingulate, right middle, and inferior frontal cortices (Wu et al. 2011) . One interpretation of the observed post-CT decrease within the supramarginal gyrus is related to the nature of the tasks being trained. The vast majority of CT protocols in the present ALE employed EF tasks using verbal stimuli, suggesting that effects in the supramarginal gyrus might reflect a potential mechanism to offset natural, age-related brain changes in EF.
The adjacent STG has been well-established as a region associated with memory functioning, with several studies reporting structural and functional correlates of reduced memory function among OAs (Smith et al. 2016; Geerligs et al. 2014; Abutalebi et al. 2014) . Evidence indicates that the STG is also a region that contributes to the DMN (Mason et al. 2007; Uddin et al. 2009 ), and suggests age-related changes in DMN suppression required for task-positive network functioning (Persson et al. 2007; Tomasi et al. 2006; Anticevic et al. 2010) . Similar to the neural effects observed in the supramarginal gyrus, alterations within the STG seen among healthy OAs may reflect a more task-specific compensatory process. The significant cluster of decreased neural activation identified within the right supramarginal gyrus and STG may be differentially engaged according to task demands, such as greater language or memory demands. This finding is supported by some healthy OA-specific CT literature, including observations of increases and decreases in hippocampal activity associated with improved verbal recall following five weeks of memory training (Valenzuela et al. 2003) , and decreased amplitude of posterior N1, a posterior processing network with a node identified in the supramarginal gyrus, following perceptual discrimination training (Berry et al. 2010) . Berry et al. (2010) also identified improvement on a far-transfer WM task, indicating that neural effects in sensory processing regions may benefit higher-order cognitive processing in healthy aging.
The cluster identified in the left posterior parietal cortex that extended into the left superior occipital gyrus is consistent with visual association processes responsible for binding simple and complex properties of information such as orientation, spatial frequency, and color (von der Heydt et al. 1984; Qiu . There is also evidence to suggest that the superior occipital gyrus may also play an important role in visual memory processing (Bussey and Saksida 2007) , including more challenging match-tosample WM tasks (Nagahama et al. 1996 (Nagahama et al. , 1999 . In addition to the primary findings, results of the present ALE meta-analysis yielded notable trends. For example, length of training appears to affect neural correlates of CT. All four studies contributing to clusters of increased activation involved short-term CT (i.e., 1 day), while two of the three studies that contributed to clusters of diminished activation involved CT that was longer in duration (i.e., 9 h/6 weeks, 6 h/2 weeks). Post-hoc ALE analyses confirmed this trend, with studies contributing to clusters of increased and decreased neural response specific to short-and long-term CT, respectively (see Supplementary materials). Activation increases have been thought to represent increased or redistributed neural response following practice of sensory or motor tasks (Buschkuehl et al. 2012) , while decreases have been commonly attributed to increased neural efficiency via training (Kelly et al. 2006) . Prior studies of the neural effects associated with CT duration have produced mixed results. Consistent with the present findings, FPN activations associated with improved cognitive performance have been seen following long-term CT in both OAs (Jolles and Crone 2012; Erickson et al. 2007 ) and younger adults (Schneiders et al. 2011) ; however, several studies of younger adults have shown the opposite pattern. For example, long-term CT has been associated with activation increases (Hempel et al. 2004; Dux et al. 2009 ), and short-term CT (i.e., 1 day, < 4 h) has produced activation decreases in FPN regions (Garavan et al. 2000; Sayala et al. 2006) . Overall, there appears to be a link between CT duration that may be influenced by participants' age.
Post-CT changes differed by hemisphere; increases were seen in the left hemisphere, with decreases observed in the right hemisphere. Several potential explanations of this finding warrant further investigation. First, several studies point to a reduced FPN response to repeated stimulus exposure (Ranganath and Rainer 2003; Olesen et al. 2004 ) that may be more right-lateralized (Yamaguchi et al. 2004; Kirino et al. 2000) and sensitive to aging (Solbakk et al. 2008) . Second, Erickson et al. (2007) observed a reduction in hemispheric asymmetry among OAs following a longitudinal dualtask CT that was driven by activation decreases observed in FPN regions. This finding was interpreted in the context of a prominent compensatory model of aging, the hemispheric reduction asymmetry in OAs (HAROLD), which posits that task-related PFC activation tends to be less lateralized in OAs (Cabeza 2002) . This pattern has been illustrated in simple motor (Mattay et al. 2002) as well as more complex verbal WM and explicit retrieval tasks (Bäckman et al. 1997; Reuter-Lorenz et al. 2000) . The ALE-derived clusters of reduced asymmetry observed in the present study may therefore reflect a reduced need for a HAROLD process that supported successful task completion prior to CT. The three lefthemisphere clusters of increased activation observed in the present ALE may reflect a separate neurocompensatory effect; for example, age-related increases in neural activations have been thought to reflect differences in Bcapacity,^or the degree to which a brain network is maximally recruited to perform a task (Barulli and Stern 2013) . This process has also been associated with maintenance of cognitive functioning (Bosch et al. 2010) , and relative to the current study, suggests that CT-induced increases in activation may counter reduced neural functioning and associated cognitive decline in OAs.
Limitations
The present study has several limitations that are common to efforts to synthesize neuroimaging literature. First, while the number of studies in the present ALE were comparable to other oft-cited fMRI meta-analyses (Nee et al. 2014; Outhred et al. 2013; Brown et al. 2005; Wegbreit et al. 2014) , it may have limited our power to detect effects.
Several steps were taken to address this potential issue. To address the challenges of study heterogeneity and the ALE method (Costafreda 2009 ), we used a deliberately exhaustive literature search with relatively strict inclusion criteria (e.g., exclusion of ROI-limited studies, non-healthy OAs) and a rigorous correction procedure (e.g., conservative FDR and cluster size thresholds) intended to increase the internal validity of the study in accord with prior ALE studies (Frank et al. 2014; Filkowski et al. 2017; Sabatinelli et al. 2011 ). The study is therefore intended to serve as a preliminary investigation of the most robust functional brain changes associated with CT in OAs, with findings discussed in the context of current models of agerelated neurocompensation and reported changes in functional connectivity studies of CT. Several measures were taken to limit study heterogeneity using fMRI meta-analysis (Costafreda 2009 ). These include limiting study inclusion to coordinates from within-group whole-brain voxelwise fMRI analyses of non-demented OAs as determined via screening measures. Trends observed within the primary findings were also tested for validity using additional ALE analyses (i.e., short-vs. long-duration CT) which revealed results consistent with the primary findings. Although study heterogeneity is inevitable in pooling CT studies (Reuter-Lorenz and Park 2014; Nyberg et al. 2012) , we believe that the observed neural effects that generalize across studies, such as our FPN findings across CT types, are meaningful. It has been pointed out that this use of ALE has been may be more likely to be linked to a substantive research question under consideration than to unique study designs (Costafreda 2009 ).
Other general limitations with respect to ALE should also be noted. ALE is a coordinate-based meta-analytic method in which each study is summarized by a set of locations of peak activation. As a result, all relevant hemodynamic information or detailed methodology of any given experiment cannot be fully considered despite the chosen conservative thresholds. For example, ALE does not use effect sizes to weigh the unique contribution of each study as some behavioral metaanalytic techniques do. This study includes use of improvements to the ALE algorithm that were intended to address this weakness, including weighing the contribution of each study by its sample size and treating each study as a random effect (Eickhoff et al. 2009 (Eickhoff et al. , 2012 . Relatedly, the coordinate-based method does not allow for a quantitative assessment of publication bias or study quality. Considerable effort was made to address this issue by searching for unpublished studies or data not reported by the authors of relevant studies (see Fig. 1 ). Lastly, the ALE algorithm only calculates main effects. However, as demonstrated by the present study, trends can be identified and tested for validity via additional analyses (see Supplementary materials).
Conclusions and future directions
Meta-analytic evidence of positive cognitive performance outcomes (Mewborn et al. 2017; Lampit et al. 2014; Kelly et al. 2014; Karbach and Verhaeghen 2014) , and several qualitative reviews that have evaluated the neural effects associated with CTs (Bamidis et al. 2014; Bherer 2015; Lustig et al. 2009; Belleville and Bherer 2012) , suggest that reliable neural effects may be associated with CT in healthy OAs. However, the complexity of CTs and heterogeneity within the available literature base pose a challenge for researchers interested in understanding the neural mechanisms associated with reported improvements in cognition. The present study offered the first quantitative synthesis of the literature to investigate common neural effects associated with CTs among healthy OAs. Findings from the ALE indicate that common neural effects may be associated with CT in the FPN that support cognitive control processes, including the posterior parietal cortex and MFG. However, significant changes in neural activity were also identified in the superior occipital gyrus, supramarginal gyrus, and MTG, suggesting that these effects may mediate cognitive improvements in several ways. For example, altered activity within the superior occipital gyrus may reflect changes in sensory processing that in turn benefit higher order cognitive processes. In addition, the location and direction of observed neural changes following CT may be influenced by several factors, such as the type and duration of training (i.e., cognitive domain, outcome measure). This latter theory is consistent with the INTERACTIVE model which suggests that training-induced brain activity changes may depend on numerous interacting factors, including the format and characteristics of training (Belleville et al. 2014) .
Future studies of CT-related neural effects may benefit from increased attention to several factors highlighted by prior literature and the present findings. First, general methodological factors, such as the use of an RCT study design and consistency among the samples studied, offer means to address potential confounds such as CT-related practice effects or general age differences in neural functioning. Second, researchers may wish to consider measuring neural effects of CT at multiple time points to more precisely identify the neural mechanisms of CT. Within the motor training field, for example, Doyon and colleagues (Doyon et al. 2003; Doyon and Benali 2005) have offered a theoretical framework to describe a well-studied pattern of neural changes that occur at different phases of motor skills training. For example, in this model, the authors suggest that experience-dependent changes in the brain depend on both the stage of learning, as well as a requirement to learn a new skill (e.g., sequence of movement). Finally, as the literature base continues to grow, researchers can begin to quantitatively synthesize data with respect to the type of training, outcome measures used, age of participants, and length of training. This may shed light upon the neural mechanisms through which brain health can be improved or maintained in the face of adverse changing in aging.
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